Pyrimidine base catabolism in Pseudomonas stutzeri ATCC 17588 was investigated and was found to occur by means of the reductive pathway. Pyrimidine bases and their respective reductive pathway catabolic products could serve as nitrogen sources for growth of P. stutzeri. Activities of the three enzymes associated with the reductive pathway of pyrimidine catabolism were detected in cells of P. stutzeri. The initial enzyme of the reductive pathway, dihydropyrimidine dehydrogenase, utilized NADH as its nicotinamide cofactor. Cells grown on pyrimidine bases as nitrogen sources contained elevated dehydrogenase activity relative to those grown on ammonium sulphate as nitrogen source. Activities of the second and third reductive pathway enzymes, dihydropyrimidinase and N-carbamoyl-P-alanine amidohydrolase, respectively, were also affected by growth conditions. If pyrimidine or dihydropyrimidine bases served as nitrogen sources, increases in the levels of these enzymes were observed compared to their activities determined when the nitrogen source was ammonium sulphate.
Introduction
Catabolism of the pyrimidine bases uracil and thymine as a source of nitrogen has been shown to occur in prokaryotes. There are two different pyrimidine catabolic pathways (Vogels & van der Drift, 1976) . Oxidative catabolism of uracil results in the formation of urea and malonic acid while thymine is degraded to 5-methylbarbituric acid (Hayaishi & Kornberg, 1952) . Strains of Nocardia and Mycobacterium degrade pyrimidines in this way (Hayaishi & Kornberg, 1952; Lara, 1952) , as does the enteric bacterium Enterobacter aerogenes (Pate1 & West, 1987) . The second pathway of pyrimidine catabolism is a reductive pathway (Vogels & van der Drift, 1976) . This pathway consists of three enzymic steps. The initial step is catalysed by dihydropyrimidine dehydrogenase (EC 1 .3.1.2), which converts uracil and thymine to dihydrouracil and dihydrothymine, respectively. Dihydropyrimidinase (EC 3.5.2.2) is responsible for the second step, in which N-carbamoyl-P-alanine and N-carbamoyl-P-aminoisobutyric acid are formed from dihydrouracil and dihydrothymine, respectively. This enzyme, also called hydantoinase, may prove vital in the development of large-scale bioreactor systems for the inexpensive production of pamino acids from hydantoins (Morin et al., 1986; Chevalier et al., 1989) . The final reaction of the reductive pathway is catalysed by * Author for correspondence. Tel. (605) 688 6171 ; fax (605) 688 6295.
N-carbamoyl-P-alanine amidohydrolase (EC 3.5.1 .6). This enzyme produces P-alanine or P-aminoisobutyric acid from their respective N-carbamoyl derivatives. The reductive pathway operates in a number of prokaryotes including Clostridium uracilicum (Campbell, 1957) , Acidovorax facilis (Kramer & Kaltwasser, 1969) , Salmonella typhimurium (West et al., 1983 , Pseudomonas aerugimsa (Kim & West, 1991) and Pseudomonas chlororaphis (West, 1991 b) .
Pyrimidine catabolism in the fluorescent pseudomonads has only recently been examined in detail. The fluorescent pseudomonad Pseudomonas stutzeri is now recognized to be of clinical significance in humans. Of particular importance is the role of P. stutzeri as an opportunistic pathogen during the treatment of human cancer with such chemotherapeutic agents as 5-fluorouracil. Considering this clinical relevance, catabolism of pyrimidine bases was studied in the type strain of P. stutzeri.
Methods
Strain andgrowth media. Pseudomonas stutzeri ATCC 17588 (Stanier et al., 1966) was the strain utilized in this study. The minimal medium was prepared as described previously (West, 1989) .
Growth conditions. Liquid medium cultures were used to investigate the ability of the strain to utilize pyrimidine bases and their catabolic products as nitrogen sources. Uracil, dihydrouracil, cytosine, thymine, dihydrothymine or fi-alanine was included in the medium as nitrogen 0001-7557 0 1992 SGM source at a concentration of 0.2%. Glucose or succinate was present in the medium as a carbon source at a concentration of 0.4%. Each liquid culture was grown with aeration at 30°C on a rotary shaker (200 r.p.m.). Growth was measured spectrophotometrically at 600 nm. Bacterial cell concentration (cells ml-l) was estimated from a previously determined OD600 versus cell concentration calibration curve.
When studying whether the elevation of pyrimidine catabolic enzyme activities that occurs in cells grown on succinate minimal medium containing thymine as sole nitrogen source was dependent upon protein synthesis, P. stutzeri was first grown in 500 ml of succinate minimal medium containing 0.4% ammonium sulphate until midexponential phase. After collecting and washing the cells, they were resuspended in succinate minimal medium containing 0.2% thymine as sole nitrogen source. Immediately, this culture was divided into two cultures of equal volume and 0.1 mg chloramphenicol ml-1 was added to only one of these separate cultures. Both cultures were grown at 30 "C for 4 h and then harvested.
Preparation of cell extracts. Cells from 250 mi cultures were used to measure the pyrimidine reductive catabolic enzyme activities of P. stutzeri. Once grown to the late exponential phase, the cells were collected by centrifugation at 10400g at 4 "C for 20 min. The cells were washed and suspended in 20 mM-Tris/HCl buffer, pH 7.5, containing 1 mM-EDTA and 1 m~-2-mercaptoethanol. The suspended cells were sonically disrupted at maximum power for a total of 5 min (30 s bursts). The extract was centrifuged at 10900g for 30 min at 4 "C. The cell-free extract was dialysed overnight at 4 "C against 1 litre of the sonication buffer.
Enzyme assays. The three reductive pathway enzyme activities of pyrimidine catabolism were assayed at 30 "C. Dihydropyrimidine dehydrogenase was assayed using a reaction mixture that contained (in 1 ml) 0.1 ~-Tris/HCl buffer, pH 7.5, 0.2 m~-NADH, 1 mwuracil and cell-free extract. It was assayed by monitoring the formation of NAD+ from NADH at 340 nm over a 10 min period using a molar absorptivity of 6.22 x lo3 M-' cm-l (Hunninghake & Grisolia, 1965) .
Dihydropyrimidinase activity was determined using a colorimetric assay for N-carbamoyl-/I-alanine (West et al., 1982) . The reaction mixture contained (in 1 ml) 0.1 M-Tris/HCl buffer, pH 7.5, 10 mMMgCl,, 1 mM-dihydrouracil and cell-free extract. The mixture was assayed over a 30 rnin period. At various intervals, 1 ml of the colour mix of West et al. (1982) was added directly to the assay tubes to halt the reaction. Following colour mix addition, the tubes were capped with marbles and placed in a 70 "C water-bath under fluorescent lighting for 2 h. The absorbance of each assay tube was determined at 466 nm and activity was derived using an experimentally calculated absorption coefficient .
N-carbamoyl-fl-alanine amidohydrolase activity was assayed by following the release of ammonium ions during the reaction. The assay mixture contained (in 1 ml) 0-1 M-Tris/HCl buffer, pH 7.5, 10 mMMgC12, 1 mM-N-carbamoyl-fl-alanine and cell-free extract.The reaction was allowed to proceed over a 30 min period and terminated by addition of 5% (w/v) trichloroacetic acid (0.1 ml). The resulting precipitate was removed by centrifugation and the supernatant was assayed for ammonium ion formation using glutamate dehydrogenase (Tamaki & Mizutani, 1987) . Supernatant (0.5 ml) was added to a mixture (0-52 ml) containing 0.1 M-Tris/HCl buffer, pH 8.0, 0.4 Mpotassium bicarbonate, 0.01 M-2-oxo-glutarate and 0.24 m~-NADH. After the initial absorbance at 365 nm of the mixture was determined, 12 units of glutamate dehydrogenase were added. After incubation at room temperature for 1 h, the absorbance at 365 nm was once again measured. The difference in absorbance at 365 nm indicates the ammonium ion concentration present in the original supernatant (Tamaki 8c Mizutani, 1987) .
Protein was determined by the method of Bradford (1976) with lysozyme as the standard protein. Specific activity is expressed as nmol substrate utilized or product formed min-l (mg protein)-'. All values represented the mean of three separate determinations that were within one standard deviation.
Chemicals. All biochemicals were purchased from Sigma. The source of glutamate dehydrogenase was Boehringer Mannheim. Dialysis tubing was obtained from Spectrum.
The aim of this study was to prove that the reductive pathway of pyrimidine base catabolism was operating in P . stutzeri ATCC 17588. The ability of this pseudomonad to utilize pyrimidines and their respective reductive pathway catabolic products as sole sources of nitrogen in a succinate-containing medium was examined (Table 1 ). The data presented shows that P. stutzeri is capable of utilizing these compounds as nitrogen sources. Uracil appeared to sustain the highest level of pseudomonad growth while the other nitrogen sources supported bacterial growth roughly equivalently (Table 1 ). In particular, the increased bacterial growth on uracil relative to dihydrouracil could be attributed to uracil having a greater cell membrane permeability than dihydrouracil. This would seem to be indicated by the slower cell growth on dihydrouracil (generation time 480 min) as nitrogen source compared to uracil (generation time 274 min). Prior to determining the activities of the pyrimidine catabolic enzymes, it was first necessary to learn which nicotinamide cofactor was required by dihydropyrimidine dehydrogenase of P. stutzeri for maximal activity. In pyrimidine-grown cells, it would appear that N A D H is the nicotinamide cofactor for the dehydrogenase regardless of whether uracil or thymine served as the enzyme substrate (Table 2 ). Subsequently, this enzyme was assayed using NADH.
Initially, the pyrimidine reductive catabolic pathway enzyme activities were assayed to learn if they were active in extracts prepared from cells grown on minimal medium. As seen from Table 3 , all three enzyme activities were present, albeit at low levels, in these extracts. Next, the effect of growth conditions on the activities of the three reductive pathway enzymes of P . stutzeri was determined (Table 3) . Growth on the pyrimidine bases uracil, thymine or cytosine as sole nitrogen sources increased dihydropyrimidine dehydrogenase activity (Table 3 ). The second enzyme of the pathway was also influenced by growth conditions. Growth on its substrates dihydrothymine and dihydrouracil as sole nitrogen sources resulted in at least a 28-fold increase of dihydropyrimidinase activity (Table 3) . Either uracil or thymine as a nitrogen source also increased this enzyme activity by at least 13-fold (Table  3) . Both the pyrimidine and dihydropyrimidine bases tested as nitrogen sources increased the activity of the third reductive path way enzyme, N-carbamoyl-P-alanine amidohydrolase, severalfold (Table 3 ). In addition, dihydropyrimidine dehydrogenase and di hydropyrimidinase activities were affected by the nature of the carbon source, but this was observed to be nitrogensource-dependent. When thymine or P-alanine served as a nitrogen source, di hydropyrimidine dehydrogenase activity was at least 5-fold or 4-fold higher, respectively, in succinate-grown cells than in glucose-grown cells (Table 3) . Similarly, dihydropyrimidinase activity was nearly double in succinate-grown cells relative to glucosegrown cells if either uracil or dihydrothymine was the nitrogen source (Table 3) . It is not clear why glucose has a repressive effect upon the levels of both enzymes only when specific nitrogen sources are utilized by the cells. From the above findings, it appeared that the reductive pathway catabolic enzyme activities are more strongly influenced by nitrogen source than by carbon source.
To determine if the reductive pathway enzymes are G . Xu and T. P . West Table 4 . Regulation of pyrimidine catabolic enzyme synthesis in P . stutzeri
Cells were grown at 30 "C in succinate minimal medium, washed, resuspended in succinate minimal medium with thymine as sole nitrogen source in the presence or absence of chloramphenicol (Cm; 0.1 mg ml-l), and subsequently collected after 4 h. Cell-free extracts were prepared and then assayed for the catabolic enzyme activities as described in Methods. Specific activity values are means of three separate determinations (numbers in parentheses represent standard deviations). regulated at the level of gene expression, the following experiment was done to determine whether the increase in their enzyme activities was dependent upon protein synthesis. Pseudomonad cells were grown in a succinate minimal medium containing ammonium sulphate as a nitrogen source, collected, washed and resuspended into minimal medium containing thymine as nitrogen source. After this thymine-containing culture was divided into two cultures of equal volume, the prokaryotic proteinsynthesis inhibitor chloramphenicol was added to only one of these cultures. Following 4 h of rotary shaking, the cells from each culture were processed to determine how each reductive pathway enzyme activity was affected. As can be seen in Table 4 , chloramphenicol treatment resulted in low catabolic enzyme activities being detected. These activities were similar to those found in cells grown on ammonium sulphate (Table 3) . When the protein synthesis inhibitor was absent, a significant increase in each enzyme activity occurred ( Table 4) . The results indicate that this rise in activity was dependent upon ongoing protein synthesis. One could conclude that the reductive pathway of pyrimidine catabolism in P. stutzeri ATCC 17588 is subject to regulation at the level of gene expression.
Discussion
Pyrimidine base catabolism was investigated in P. stutzeri ATCC 17588 and it was confirmed that the reductive pathway was operating in this pseudomonad. This pathway consists of three enzymic steps culminating in the release of ammonia and #I-alanine or P-aminoisobutyric acid from uracil or thymine, respectively (Vogels & van der Drift, 1976) . The presence of the pyrimidine reductive catabolic pathway in P . aeruginosa and P . chlororaphis has also been demonstrated (Kim & West, 1991; West, 1991b) .
Dihydropyrimidine dehydrogenase showed maximal activity being with NADH as nicotinamide cofactor. A possible explanation for any dehydrogenase activity being observed using NADPH as a cofactor is likely related to the presence of NAD(P) transhydrogenase (EC 1 .6.1.1) in pseudomonad cells (Kaplan, 1955) . This enzyme catalyses an essentially irreversible reaction involving the reduction of NAD+ by NADPH to synthesize NADH. The NADH formed can be used as substrate for the P . stutzeri dehydrogenase. NADH is also the nicotinamide cofactor for dihydropyrimidine dehydrogenase in other pseudomonads (Kim & West, 1991; West, 1991a, b) .
The three enzymes of the pyrimidine reductive catabolic pathway in P. stutzeri were affected by growth conditions. Dihydropyrimidine dehydrogenase activity was increased after growth on pyrimidine bases as nitrogen sources. Growth on either pyrimidine or dihydropyrimidine bases increased the levels of dihydropyrimidinase and N-carbamoyl-P-alanine amidohydrolase. Dihydropyrimidinase activity was highly increased after growth on dihydrothymine while the dihydropyrimidine bases increased amidohydrolase activity. Carbon source influenced dihydropyrimidine dehydrogenase and dihydropyrimidinase levels in P . stutzeri in a fashion that was still dependent upon nitrogen source. In P. aeruginosa, the three pyrimidine reductive catabolic pathway enzymes were induced at least twofold only by uracil (Kim & West, 1991) . In this study, it was demonstrated that the three pathway enzymes could be induced severalfold by thymine. Growth on pyrimidines and dihydropyrimidines has been shown to affect the pyrimidine reductive catabolic enzymes in other pseudomonads. In P . pseudoalcaligenes, cytosine, uracil, thymine or dihydrothymine as nitrogen source increased dihydropyrimidine dehydrogenase activity, while dihydropyrimidinase activity was increased by the abovementioned nitrogen sources as well as by dihydrothymine (West, 1991 a) . In P. chlororaphis, the nitrogen sources uracil, dihydrouracil, thymine and dihydrothymine increased dihydropyrimidine dehydrogenase activity. With respect to dihydropyrimidinase activity in P . chlororaphis, growth on the nitrogen source dihydrothymine resulted in over a 100-fold increase in activity (West, 1991 b) . Uracil and dihydrouracil also produced an elevation in dihydropyrimidinase activity but to a lesser extent than dihydrothymine (West, 1991 b) . Dihydropyrimidinase activity has also been detected in Pseudomonas putida (Takahashi et al., 1978; Sun, 1983; Chevalier et al., 1989) . In this pseudomonad, it has been shown that growth on uracil (Sun, 1983) , but not growth on dihydrouracil (Morin et al., 1986) , induced dihydropyrimidinase activity.
In conclusion, this work indicates that pyrimidine bases are degraded reductively in P. stutzeri. The reductive pathway enzymes are greatly affected by growth on pyrimidines and dihydropyrimidines as nitrogen sources. Moreover, the rise in activity of these catabolic enzymes is dependent on protein synthesis, indicating that the syntheses of these enzymes are inducible.
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